In this letter, we show how high-resolution scanning tunneling microscopy ͑STM͒ imaging can be used to reveal that certain edges of micromechanically exfoliated single layer graphene crystals on silicon oxide follow either zigzag or armchair orientation. Using the cleavage technique, graphene flakes are obtained that very often show terminating edges seemingly following the crystallographic directions of the underlying honeycomb lattice. Performing atomic resolution STM-imaging on such flakes, we were able to directly prove this assumption. Raman imaging carried out on the same flakes further validated our findings.
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Graphene, the monolayer of carbon atoms arranged into a hexagonal lattice, was first isolated in 2004 by using the micromechanical cleavage technique.
1,2 Although a number of other methods for graphene synthesis have been proposed since then ͑including the reduction in graphene oxide, 3 decomposition of silicon carbide, 4, 5 epitaxial growth on nickel and other substrates, [6] [7] [8] [9] or direct chemical exfoliation 10,11 ͒ the micromechanical technique ͑also known as the "Scotchtape method"͒ is still the procedure of choice for many researchers. Furthermore, the uniqueness of this procedure is that it reveals the peculiar micromechanical properties of this material, which might be used in obtaining crystallographically oriented graphene samples.
The choice of crystallographic orientation of the graphene flakes might be of crucial importance for the electronic properties of resulting devices. [12] [13] [14] Two following problems generally arise: ͑i͒ how to determine the crystallographic orientation of a particular graphene crystallite and ͑ii͒ how to prepare a device which is oriented exactly along one of those directions. Whenever there are quite a few ways for determination of the orientation, [15] [16] [17] [18] [19] preparation of well oriented edges is a tantalizing task. 20 It has been noted 21 that flakes obtained by the "Scotchtape method" often exhibit straight edges with the angle between the adjacent ones being a multiple of 30°. An example of such a flake is shown in Fig. 1͑a͒ .
Considering the hexagonal symmetry of graphene crystals, it has been suggested that the breaking occurs along the principal crystallographic directions, yielding flakes terminated with either armchair or zigzag edges. 21, 22 Previously, Raman measurements have been employed to verify this idea, 17, 18 demonstrating a clear difference in the amplitude of the D peak for edges oriented along zigzag and armchair directions. However, Raman measurements require elaborative modeling to explain the finding.
In this letter, we will use high-resolution scanning tunneling microscopy ͑STM͒ to prove beyond doubt that edges of graphene crystals are predominantly oriented along crystallographic directions. The main advantage of highresolution STM compared to the aforementioned techniques is its ability to provide direct real-space images of the graphene crystal lattice with atomic resolution. Additionally, there is no need for having suspended samples in order to carry out STM investigations. Thus, it ultimately enables one to directly determine the crystallographic orientation of a given graphene flake, and hence the orientation of the edges terminating that sample. We also compare the results of the STM study to the Raman measurements.
Single layer graphene flakes were obtained by micromechanical cleavage of natural graphite. Exfoliated graphite flakes were deposited on top of an oxidized silicon wafer ͑300 nm of SiO 2 ͒, and crystallites of single layer thickness were identified using optical microscopy. 23 For our studies, we used flakes with a significant percentage of edges forming angles which are integer multiples of 30°. of appropriate flakes, we used e-beam lithography to define electrical contacts on the flakes ͑Ti, 5 nm+ Au, 40 nm͒ ͓Fig. 2͑b͔͒.
In order to find out whether the edges of, e.g., the graphene flake shown in Fig. 2͑a͒ follow crystallographic orientations, we carried out high-resolution STM investigations. A Multimode scanning probe microscope with a Nanoscope IIIa controller was employed for conducting the STM experiments. All STM experiments were carried out under ambient conditions. Tunneling tips were made out of mechanically cut Pt 80 / Ir 20 -wire. The samples were precisely positioned in our STM, and the scanning direction was carefully aligned with one of the edges. Prior to imaging, the flakes were annealed at 250°C in a hydrogen/argon-atmosphere, 24 in order to remove resist residuals due to the lithography treatment. After that, the flakes were found to be clean enough to achieve atomic resolution. Figure 2͑c͒ shows an STM image of the graphene flake shown in Fig. 2͑a͒ , taken in constant-height mode at a sample bias of 223 mV and a set-point tunneling current of 2.8 nA ͑the tunneling current varied by a maximum of Ϯ0.3 nA between positions on the atoms and interatomic positions͒. The atomically resolved hexagonal graphene lattice can be clearly seen, which is a clear proof of the monolayer character of this particular sample. 25 The Fourier transform of that image, shown in the inset on the lower right of Fig.  2͑c͒ , accordingly shows six well-resolved diffraction peaks. Both the atomically resolved image of the lattice and the Fourier transform image allow us to determine the orientation of the edges of a given graphene flake. This is done by virtually tiling the entire graphene flake under question with the experimentally observed hexagonal unit cell ͑or equivalently the corresponding Fourier transform͒. Following this approach for the flake shown in Fig. 2͑a͒ , we can identify the vertical edge as being armchair and the horizontal edge as being zigzag.
Additional information about the edges can be obtained from the Raman measurements. Recent results show that it is possible to distinguish between armchair and zigzag orientation by Raman spectroscopy. 17 The disorder-induced Raman feature of graphene ͑D peak at ϳ1350 cm −1 ͒ is activated through a double resonance process 26 and is often observed at the edges. This is because the edges act as defects, allowing elastic backscattering of electrons to fulfill the double resonance condition. 27 The D peak was reported to be stronger at the armchair edge and weaker at the zigzag edge, due to the momentum conservation ͑armchair edges can scatter electrons between two nonequivalent Dirac cones, while zigzag edges cannot͒. 17, 27 Raman measurements were carried out using a WITec CRM200 confocal microscopy Raman system with a 100ϫ objective lens ͑numerical aperture = 0.95͒. The excitation laser wavelength is 532 nm. We measured Raman spectra from points A and B, which are two edges forming an angle of 90°, as labeled in the inset ͑optical image͒ of Fig. 3 .
During the measurement, the laser polarization ͑linear͒ is oriented parallel to the graphene edge under investigation, in order to maximize the D peak signal. 17, 27 To determine the exact position of the graphene edge, Raman spectra were taken at different positions while scanning the laser spot perpendicularly across the particular edge under question ͑with a step size of 50 nm͒. The maximum intensity of the D-band measured under these conditions was taken in order to compare the two different edges. As shown in Fig. 3 , at point A, the D peak intensity is ϳ37% of that of the G peak, while it is only ϳ23% at point B. This suggests that the edge containing point A is armchair while the other edge is zigzag. Raman spectra from different points of the two edges were checked and similar results were obtained. The Raman results confirm the STM results of the graphene crystallographic orientation. Here, we have to clarify that the edges mentioned above are predominantly crystallographic, as perfect zigzag and armchair edges are extremely rare. There are small amounts of armchair sections even on zigzag edges, both on exfoliated single layer graphene 13, 28, 29 and terraces on bulk graphite, 30 which contribute to the observed D peak at point B.
In conclusion, we have demonstrated the direct determination of the crystallographic orientation of graphene edges As graphene has a hexagonal crystal lattice, the two edges are believed to have different chirality. During the measurement, the laser polarization ͑linear͒ is oriented parallel to the graphene edge being measured, to maximize the D peak signal ͑Refs. 17 and 27͒. The Raman spectra at edge A ͑solid curve͒ shows a D-peak intensity of ϳ37% compared to the G-peak intensity, while it is only ϳ23% for the spectra taken at edge B ͑dashed curve͒. Raman spectra from different spots of the two edges gave similar results. This confirms our finding that edge A is armchair, whereas edge B is zigzag.
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by using high-resolution STM. The obtained atomic resolution images of the graphene crystal lattice have allowed us to unambiguously identify both armchair and zigzag edges of a given graphene flake prepared by mechanical exfoliation.
Complementary information has been obtained by Raman spectroscopy, fully justifying our assumption that certain edges on micromechanically exfoliated samples predominantly follow crystallographic orientations of the underlying graphene crystal lattice. 
